In mammals, several cell surface molecular markers have been characterized in order to identify the mitotic germ cells. However, little is known in fish about their cell surface antigen. In this study, we identified lymphocyte antigen 75 (Ly75/ CD205) as a germ cell-specific cell surface marker by combination expressed sequence tag analysis of purified type A spermatogonia (A-SG) from immature testis, in silico prediction of membrane proteins, and expression studies. The ly75 transcripts were abundant in the testis and gills, and weak signals were detected in the head kidney and brain. In addition, ly75 mRNA was predominantly localized in the primordial germ cells of newly hatched embryos, A-SG in testis, oogonia, and chromatin nucleolus-stage oocytes in the ovary. In contrast, ly75 mRNA was not detected in spermatocytes, spermatids, spermatozoa, vitellogenic oocytes, or gonadal somatic cells from either males or females. The expression profile of Ly75 protein was similar to that of the mRNA. Furthermore, identification of various fish homologs of ly75 confirmed that their amino acid sequences are well conserved. Therefore, Ly75 may be appropriate for use as a versatile cell surface marker for mitotic germ cells in fish.
INTRODUCTION
For molecular, cellular, and functional characterization of germline stem cells (GSCs), their purification using flow cytometry (FCM) is a powerful tool. Cell surface proteins CD9, ITGB1, ITGA6, GFRA1, EPCAM, NCAM1, THY1, and CDH1 are known to express in GSCs or undifferentiated type A spermatogonia (A-SG) in rodents [1] . They are used for antibody-based FCM in order to purify or enrich GSCs [2] . Although these antibodies were originally directed against rodent antigens, they can be used for other mammalian species due to cross-reactivity of the antibodies [3, 4] . In fish, although some germ cell marker genes (e.g., vasa [5] and nanos [6] ), have been identified, mitotic germ cell-specific cell surface antigens have not been identified to date. To overcome this obstacle, several transgenic fish strains expressing green fluorescent protein (GFP) specifically in germ cells have been established [7] [8] [9] . However, their establishment requires much time, space, and labor, making it difficult to apply this strategy to non-model fish species.
To establish a versatile technique for identification and purification of A-SG in various fish species, we applied an antibody cell sorting approach using a cell surface marker to identify the subset cells of interest. We reasoned that if we could produce an antibody against conserved regions of the cell surface marker, the antibody should be useful for purification of A-SG from a wide variety of fish species. The specific antibodies raised against rodent germ cells are unlikely to work in fish, however, due to the large genetic divergence between these taxa. In this study, we identified a novel cell surface marker, lymphocyte antigen 75 (Ly75, also called CD205) that is predominantly expressed in A-SG, using a combination of approaches, specifically isolation of expressed sequence tags (ESTs) from purified A-SG, in silico prediction of membrane proteins, and expression studies. Prior information about Ly75 is limited to the immune system [10] , and its expression in gonads has not been reported previously in any animal species.
MATERIALS AND METHODS

Ethics
All experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals from Tokyo University of Marine Science and Technology.
Construction of a cDNA Library from Purified A-SG
The A-SG were isolated using GFP-dependent FCM [11] [12] [13] [14] from pvasa-GFP rainbow trout [7] reared under a natural photoperiod at 108C. In total, 1 3 10 7 A-SG positive for green florescence were isolated from 9-mo-old fish (testis weight, 0.014-0.025 g; gonad somatic index [GSI] , 0.045%-0.050%), which are immature and contain only A-SG in their testicular lobules [11] . Fractionated and sorted A-SG were directly recovered into 2-ml microtubes for every 1 3 10 5 cells. The purified A-SG suspensions were centrifuged at 48C for 15 min at 5000 rpm, supernatants were aspirated, and the pellets were resuspended in Isogen solution (Nippon Gene, Tokyo, Japan) for the isolation of total RNA, followed by poly A þ purification of RNA using the Oligotex-dT 30 Super System (Takara Bio Inc., Shiga, Japan) according to the manufacturer's instructions. A cDNA library was constructed using the SuperScript Plasmid System with Gateway Technology for cDNA Synthesis and Cloning (Invitrogen, San Diego, CA) with 2 mg of poly A þ RNA purified from 54 mg of total RNA from 1 3 10 7 cells of A-SG according to the manufacturer's protocol. The synthesized cDNA fragments were inserted into the pSPORT 1 plasmid vector (Invitrogen) by directional cloning. Plasmid vectors were introduced into XL10-Gold ultracompetent cells (Stratagene, La Jolla, CA). The average size of cDNA fragment inserts was 1-kilobase-pair (range, 0.5-2.7 kbp) among 23 clones chosen at random from the library. A total of 5206 EST clones were 5 0 end sequenced using a T7 primer (5 0 -TAA TAC GAC TCA CTA TAG GG-3 0 ). 
In Silico Prediction of Membrane Proteins
For in silico prediction of membrane proteins, each of 5206 sequences was compared with the GenBank database (May 2005 release) using the tblastx program (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The 82 sequences that showed significant sequence similarity to known cell surface membrane protein genes were selected for further analysis.
RT-PCR to Identify Germ Cell-Specific Transcripts
Screening by RT-PCR was used to identify genes expressed specifically in germ cells. To do this, three types of cDNA were synthesized and used as templates for PCR: cDNA from cells strongly positive for GFP (i.e., the germ cell fraction), cDNA from cells weakly positive for GFP, and cDNA from GFPnegative cells (i.e., the gonadal somatic cell fraction) fractionated by GFPdependent FCM from 1.5-mo-old pvasa-GFP rainbow trout larva [7] . The RT-PCR was performed using gene-specific primers designed to amplify all 82 sequences from each of the three pools of cDNA. Each gene-specific primer set was designed to amplify the same fragment sizes (150-250 bp) using the Primer3 program (http://primer3.sourceforge.net/) in order to eliminate the influence of PCR amplification bias ( Table 1 ). The PCR reactions were performed at 948C for 5 min, followed by 35 cycles of 30 sec at 948C, 30 sec at 598C, and 30 sec at 728C, followed by a final elongation step at 728C for 5 min. The cDNA was amplified using TaKaRa Ex Taq (Takara Bio Inc.). The PCR products were separated by electrophoresis on a 2% agarose gel.
In Situ Hybridization Screening
The 17 cDNAs in pSPORT1 encoding cell surface membrane proteins specifically expressed in germ cells were used as templates for RNA probe synthesis. Sense and antisense RNA probes were transcribed in vitro using digoxigenin (DIG)-labeled uridine triphosphate (Roche, Mannheim, Germany) and SP6 or T7 RNA polymerase (Promega, Madison, WI). For in situ hybridization (ISH) of tissue sections, a 3-mo-old rainbow trout juvenile was fixed at 48C for 16 h in Bouin solution, embedded in paraffin wax, and then sliced into 5-mm serial sections. ISH was performed as described previously [15] .
Cloning of a Full-Length cDNA of Rainbow Trout ly75
The ly75 cDNA clone that was isolated encoded a partial C-terminal region and 3 0 untranslated region. To identify a full-length clone, cDNA isolated from testes containing only A-SG (GSI, 0.050%) was synthesized from a 9-mo-old male. The N-terminal region of ly75 cDNA was amplified using degenerate PCR primers (Fw-mix-N: 5 0 -TGG GAR GAR GCH GAR MGD TTC T-3 0 ; Rvmix-N: 5 0 -TGG WAT YTG RCA YAC CCA YTC MAG YTT-3 0 ); the internal region between the N-terminal region and the C-terminal region of the ly75 transcript was then determined. Subsequently, 5 0 rapid amplification of cDNA ends (5 0 RACE) was carried out using a GeneRacer Kit with SuperScript III RT (Invitrogen) according to the manufacturer's instructions. The primer (Rv-5 0 RACE: 5 0 -TGG CCA TGG ACA CAG GCC TGT TGT CGC T-3 0 ) was synthesized for use as a reverse primer for 5 0 RACE. The cDNA fragments were amplified using TaKaRa LA Taq (Takara Bio Inc.). The molecular mass and isoelectric point (pI) of the conceptual translation of rainbow trout ly75 was estimated using the Compute pI/Mw tool (http://au.expasy.org/tools/pi_-tool.html). In addition, the percentages of similarity and identity among fish Ly75 homologs were calculated using LALIGN (http://www.ch.embnet.org/ software/LALIGN_form.html). LALIGN compares two sequences and searches for local sequence similarities. Phylogenetic analysis was performed as described previously [15] .
Northern Blot Analysis
Total RNA was extracted from the brain, eye, gill, muscle, head kidney, stomach, liver, spleen, testis (GSI, 0.050%), and ovary (GSI, 0.100%) of a 12-mo-old immature rainbow trout as described previously [12] . A 25-mg sample of each total RNA specimen was separated by electrophoresis through a 1% agarose gel and transferred to nylon membranes (Hybond N þ ; GE Healthcare Co., Princeton, NJ). Digoxin (DIG)-labeled RNA probe was synthesized using a 2589-bp partial cDNA fragment (nucleotides 3971-6559) of rainbow trout ly75 (GenBank accession number GQ468309). Prehybridization was carried out in buffer prepared using DIG Easy Hyb Granules (Roche) at 658C for 30 min. Hybridization was performed in the same buffer containing denatured DIG-labeled RNA probe at 658C for 16 h. The membrane was washed twice in 23 saline sodium citrate (SSC)/0.1% SDS at 658C for 10 min and then twice in 0.13 SSC/0.1% SDS at 658C for 10 min. The potential for nonspecific antibody TABLE 1. Gene names, GenBank accession numbers, primer sequences, and product sizes of identified clones in this study.
No.
Gene name
GenBank accession no. binding was blocked in 1% blocking solution (Roche) for 20 min. Detection of the DIG-labeled RNA probe was carried out using anti-DIG-AP Fab Fragments (Roche) diluted to 1:500 in 100 mM Tris-HCl/150 mM NaCl for 20 min. The membrane was then washed with 100 mM Tris-HCl/100 mM NaCl/50 mM MgCl 2 for 2 min. A color reaction was conducted in the same buffer containing 4-Nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate (NBT/ BCIP; Roche). Images were captured with a digital scanner using standard procedures.
In Situ Hybridization
Rainbow trout gonad tissue samples were taken from fish at different stages of development. Specifically, we collected genital ridges (GRs) containing only primordial germ cells (PGCs) from a 35-day postfertilization (dpf) embryo, testes containing only A-SG from a 12-mo-old male (GSI, 0.050%), testes lobules with both A-SG and type B spermatogonia (B-SG) from an 18-mo-old male (GSI, 0.100%), testes containing spermatocytes (SCs) together with A-SG and B-SG from an 18-mo-old male (GSI, 0.350%), testes containing spermatids (STs) and spermatozoa (SZ) in addition to A-SG from a 24-mo-old male (GSI, 3.200%), and ovaries containing oogonia (OG) and oocytes (OCs) from a 12-mo-old female (GSI, 0.100%). The tissue samples were fixed in Bouin solution at 48C for 6-16 h, embedded in paraffin wax, and then sliced into 5-mm serial sections. The RNA probe of ly75 was prepared as already described. A txdnc6 RNA probe as a marker for SCs and STs was synthesized using a 873-bp partial cDNA fragment (nucleotides 34-906; GenBank accession number FP320679.1) as a template. ISH was performed as already described (see In Situ Hybridization Screening).
Production of Polyclonal Antisera
The PCR fragments encoding amino acids 36-231, 238-509, 522-815, 833-1107, 1118-1395, and 1407-1697 of rainbow trout Ly75, all of which are contained in the extracellular domain, were independently inserted in pCold I DNA vector (Takara Bio Inc.). BL21 Star Escherichia coli (Invitrogen) was used as a host strain for the recombinant constructs and grown at 378C until reaching log phase. Expression of fusion proteins was then induced by the addition of 1 mM isopropyl-b-D-thiogalactopyranoside, followed by incubation at 158C for 24 h. Recombinant proteins were independently isolated as inclusion bodies using the B-PER Bacterial Protein Extraction Reagent (Pierce, Rockford, IL). His-tagged recombinant protein was purified from solubilized inclusion bodies under denaturing conditions using Ni-NTA Agarose (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Rabbits were immunized four times with approximately 2.0 mg of purified protein to induce antigen-specific antisera production. Each antiserum was collected after the fourth immunization. We successfully purified four of six recombinant proteins attempted and four independent antisera recognizing each of the four extracellular domain subregions for which protein was purified. One of four antisera recognizing the closest part to the cell membrane (amino acids 1407-1697 of rainbow trout Ly75) was used for immunological detection.
Whole-Mount Immunofluorescence Detection
Whole-mount staining was performed as described previously [16] . Sexually undifferentiated gonads were excised from 65-dpf pvasa-GFP transgenic rainbow trout larva [7] and fixed in 4% paraformaldehyde (PFA)/ PBS solution at 48C for 4 h. The gonads were mounted on slide glass (Matsunami Glass, Osaka, Japan). Cultured A-SG were fixed in 4% PFA/PBS solution at 48C for 30 min while subjected to 2500 rpm of centrifugation. The rates of dilution of absorbed primary antibody against Ly75 and goat antirabbit IgG secondary antibody-conjugated Alexa Fluor 546 (Invitrogen) were 1:4000 and 1:100, respectively. Ly75-positive cells and GFP-positive germ cells were detected by fluorescent microscopy (BX-50 with a BX-FLA attachment and filter sets, U-MWIB2 for GFP and U-MWIG2 for Ly75 labeled by Alexa Fluor 546; Olympus, Tokyo, Japan). Fluorescent images were captured on two channels using DP Controller and merged with DP Manager (Olympus).
Immunohistochemistry
Rainbow trout embryo and gonad tissues from different stages of development were fixed in 4% PFA/PBS solution at 48C for 6-16 h, embedded in paraffin wax, and then sliced into 5-mm serial sections. Specifically, the tissue processed included GRs containing only PGCs from a 40-dpf larva, testes containing only A-SG from a 9-mo-old male (GSI, 0.040%), and testes with lobules containing SCs together with A-SG and B-SG from an 18-mo-old male (GSI, 0.500%). Formalin-fixed tissue sections were treated with HistoVT One solution (Nacalai, San Diego, CA) for antigen retrieval. The immunoreactions were performed using the peroxidase version of the ImmPRESS AntiRabbit Ig Kit (Vector Laboratories, Burlingame, CA) and visualized using a 3,3 0 -diaminobenzidine substrate kit (Vector Laboratories) per the manufacturer's protocol. Preabsorbed primary antisera directed against Ly75 were diluted to 1:2000 in normal horse serum, and the ImmPRESS Reagent (Vector Laboratories) containing secondary peroxidase-coupled horse anti-rabbit IgG antibody was used undiluted. Subsequently, the slides were washed in distilled water and counterstained with hematoxylin.
A-SG Culture
In vitro A-SG culture was performed using testicular cells from an 8-mo-old pvasa-GFP transgenic rainbow trout [7] using the method described by Shikina et al. [16] . After 8 days of culture, A-SG were detected using anti-Ly75 as already described.
Cloning and Comparison of Ly75 Homologs in Various Fish Species
Partial fragments of ly75-related transcripts from convict grouper (Epinephelus septemfasciatus) and yellowtail (Seriola quinqueradiata) were isolated by degenerate PCR cloning. In brief, cDNA from convict grouper and yellowtail testes was synthesized from adult males. N-terminal and C-terminal regions of ly75 cDNA were independently amplified by degenerate PCR using the universal primers that recognize the conserved region of various fish ly75 homologs: Fw-mix-con-N: 0 (C-terminal region). After DNA sequencing of the regions corresponding to the N-terminal and C-terminal of the resultant proteins, internal regions were amplified using gene-specific primers, and the nucleotide sequence of the resulting fragments was determined. The PCR reactions were identical to those already described for rainbow trout. Additional ly75-related sequences from fugu (Takifugu rubripes) and zebrafish (Danio rerio) were identified in GenBank. To evaluate sequence conservation among fish ly75 genes, alignment of the conceptual Ly75 amino acid sequences was performed using GENETYX-WIN version 3.1 (Genetyx Corporation, Tokyo, Japan).
RESULTS
Identification of Membrane Proteins Using EST Analysis of Purified A-SG
We reasoned that a germ cell-specific antigen that can be used for antibody cell sorting would be localized to the plasma membrane of germ cells and thus would likely be a transmembrane (TM) protein. With this in mind, we first generated an A-SG cDNA library and then identified cDNA that encodes protein fragments with predicted TMs. A cDNA library was constructed from 1 3 10 7 cells of A-SG purified from pvasa-GFP transgenic rainbow trout (as described in Materials and Methods). Subsequently, nucleotide sequences were determined for 5206 randomly chosen clones in the library. We then performed a three-step screening analysis to identify putative germ cell-specific cell surface makers. First, we identified candidates by using tblastx to analyze the sequences of all 5206 clones and identified 82 clone sequences with significant similarity to known cell surface membrane proteins. Second, we performed RT-PCR to identify genes expressed in germs cells and not in somatic cells. In total, 17 of 82 clones were predominantly detected in the germ cell cDNA fraction (Fig. 1A) . Third, we characterized the cellar distribution of mRNA corresponding to the 17 candidates using ISH. Three clones showed a high level of expression that was specific to germ cells. In addition, two of three clones showed significant similarity to mammalian ly75 (Fig. 1B) . We chose this rainbow trout homolog of ly75 as a candidate germ cellspecific cell surface marker for further analysis. GQ468309) . B) Phylogenic tree of various Ly75 proteins and other members of the mannose receptor family was constructed using the neighborjoining method. Line length indicates genetic distance. Ly75 is encircled with a dotted line. The GenBank accession numbers are as follows: Ly75 proteins: AF011333 for human, XM_001093552 for monkey, AY264845 for cattle, XM_545488 for dog, XM_001068965 for rat, AB059273 for hamster, U19271 for mouse, AJ574899 for chicken, and XM_690165 for zebrafish; MRC1 (CD206) proteins: NM_002438 for human and NM_008625 for mouse; MRC2 (Endo180) proteins: AF134838 for human and NM_008626 for mouse; PLA2R1 proteins: NM_008867 for human and XM_039118 for mouse.
Ly75/CD205 IS A SURFACE MARKER ON MITOTIC GERM CELLS
FIG. 3. Expression profile of ly75 transcripts.
A) RNA blot analysis of ly75 in 12-mo-old rainbow trout tissues. Twenty-five micrograms of total RNA extracted from brain, eye, gill, muscle, head kidney, stomach, liver, spleen, testis (GSI, 0.050%), and ovary (GSI, 0.100%) were hybridized with a rainbow trout ly75 probe. The ethidium bromide staining pattern of 28s rRNA after agarose gel separation but before blotting is also shown (bottom). Right, the positions of molecular weight markers. B-S) Localization of ly75 mRNA-positive cells in rainbow trout gonads. B-E) The GR of a 35-dpf embryo. F, G, and H) A 12-mo-old testis (GSI, 0.050%). I and J) An 18-mo-old testis (GSI, 0.100%). K-M) An 18-mo-old testis (GSI, 0.150%). N and O) A 24-mo-old testis (GSI, 3.200%). P-S) A 12-mo-old ovary (GSI, 0.100%). In B-E, ly75 mRNA is localized to PGCs (white arrowhead). In C and E, the dotted line indicates the edge of GRs. In D, ly75 mRNA is detected in the spinal cord (black arrowhead). C and E are high magnification of the insets in B and D, respectively. In F-O, ly75 mRNA was predominantly detected in A-SG (white arrowhead). By contrast, txdnc6 mRNA was detected in cysts containing SCs, which are encircled with a black line (L). In I and J, cysts containing B-SG are encircled with a black line. In K-M, cysts containing SCs are encircled with a black line. In N, cysts containing SZ are encircled with a dotted line. G and O are high magnification of F and N, respectively. I-M) Sequential sections were stained with hematoxylin-eosin (J and M) or hybridized to an antisense ly75 probe (I and K) and txdnc6 probe (L). In P-S, ly75 mRNA is specifically localized in OG (black arrowhead). S) Chromatin nucleolus-phase OC (white arrowhead). In Q, secondary growth-phase OCs are encircled with a dotted line. Q and S are high magnification of the insets in P and R, respectively. A, anterior; P, posterior; D, dorsal; V, ventral; b, brain; e, eye; g, gut; gi, gill; sOC, secondary growth-phase OCs. Bars ¼ 1 mm (B), 200 mm (D, F, N, and P), 50 mm (R), 20 mm (C, E, G, H, I -M, O, and Q), and 10 mm (S). 602 cysteine-rich domain, a single fibronectin type II domain, and 10 C-type lectin-like domains (CTLDs) (Fig. 2A) . Thus, the sequence shows strong agreement with predicted structures of previously identified Ly75 proteins [10, 17] . Moreover, a phylogenetic tree analysis comparing the candidate protein with related proteins from other species (including Ly75 homologs and other members of the mannose receptor family) (Fig. 2B) revealed that the candidate gene belongs to the Ly75 protein subfamily of mannose receptor proteins and showed strong association with vertebrate Ly75 proteins. Thus, we concluded that the clone isolated in this study encodes a rainbow trout homolog of Ly75.
Expression Pattern of ly75 mRNA by Northern Blot Analysis
By Northern blot analysis, we detected a single size of transcript, with an estimated size of 6.5 kb (Fig. 3A) . The ly75 transcripts were abundant in the testis and gill and were weakly detectable in the head kidney and brain.
Detection of ly75 mRNA-Positive Cells in Gonads by ISH Analysis
To confirm the presence of ly75 mRNA in the gonads at each developmental stage, we performed ISH analysis. We found that ly75 mRNA was specifically localized in the PGCs in embryonic gonads (Fig. 3, B-E) and was predominantly localized to the A-SG in older animals (Fig. 3, F and G) . To further test the precise pattern of localization of ly75 mRNA in SGs, ISH was performed in maturing testes with A-SG and B-SG. The ly75 mRNA was predominantly detected in A-SG, although it was also detected at very low levels in B-SG (Fig. 3,  I and J). Moreover, to compare the mRNA expression pattern of ly75 between mitotic and meiotic germ cells, we also performed the ISH analysis with txdnc6 probe as an SC and ST marker Ly75/CD205 IS A SURFACE MARKER ON MITOTIC GERM CELLS [18] . In maturating testis, ly75 mRNA was predominantly localized in txdnc6-negative mitotic germ cells. Conversely, ly75 mRNA was not detected in txdnc6-positive SCs (Fig. 3,  N-Q) . No ly75 mRNA was detected in haploid germ cells (Fig.  3, N and O) . In the ovary, ly75 mRNA was predominantly found in the OG and chromatin nucleolus-stage OCs (Fig. 3 , P-S). We did not observe ly75 mRNA-positive signals in the gonadal somatic cells of either males or females (Fig. 3, B-S) .
Immunolocalization of Ly75 Protein in Gonads
To determine the distribution of Ly75 protein in gonads, we performed whole-mount immunofluorescence and immunohistochemistry. We initially used a sexually undifferentiated gonad of a pvasa-GFP transgenic rainbow trout, in which the germ cells are clearly labeled with green fluorescence. We found that the Ly75 protein was specifically detected in GFP-positive germ cells (Fig. 4, A-C) . In addition, cultured A-SG were identified and visualized by immunocytochemistry using an anti-Ly75 antibody (Fig. 4, D-F) . Germ cell-specific expression of Ly75 protein was further confirmed by the results of immunohistochemistry on sections of gonads representing a series of developmental stages (Fig. 4, G-N) . Anti-Ly75 staining of paraffin sections from a GR in a 35-dpf embryo and in immature testes revealed that Ly75 is exclusively detected in PGCs in GRs (Fig. 4, G-K) and A-SG in immature testes (Fig. 4L) . By contrast, the protein was not detected in gonadal somatic cells (Fig. 4, H-K, L, and N) . Immunohistochemistry against more developed testis revealed that Ly75 protein is predominantly expressed in A-SG (Fig. 4, L and N) . These sections were prepared from the middle portion of each testis and were observed by transverse view. In the ovary, Ly75 is predominantly localized to the OG and chromatin nucleolus-stage OCs.
Cloning and Comparison of ly75 Homologs in a Variety of Fish Species
Ly75 antibody-based purification of A-SG could be a powerful and effective technique for germ cell transplantation in fish. Therefore, to test the versatility of the antibody raised in this study against rainbow trout Ly75, we cloned partial fragments of ly75 homologs from convict grouper and yellowtail by degenerate PCR. Fugu and zebrafish ly75 was identified based on sequence similarity in a public sequence database. Multiple alignment analysis revealed that the region 604 from CTLD-3 to CTLD-7 of Ly75 has been highly conserved throughout the evolution of teleost fishes (Fig. 5) .
DISCUSSION
We previously performed expression analysis of various cell surface markers for GSCs or undifferentiated A-SG (i.e., CXCR4, KIT, CDH1, CDH2, CDH3, CD9, ITGB1, ITGA6, GFRA1, RET, EPCAM, PECAM, THY11, and IFITM3
[fragilis]) that had been identified in mammals in order to test if their expression patterns were conserved in fish. The results of RT-PCR analysis with purified rainbow trout germ cells, however, revealed that the expression patterns of the genes were inconsistent with their reported expression patterns in mammals (Nagasawa and Yoshizaki, unpublished results) . In this work, we undertook an alternative strategy to identify a cell surface marker specific for A-SG; specifically, we performed EST analysis of cDNA from purified A-SG, followed by in silico prediction of membrane proteins and expression analyses using RT-PCR and ISH. Using this approach, the ly75 gene was identified as a specific marker for germ cells, including PGCs, A-SG, and OG.
The gene expression pattern of mouse Ly75 has been previously analyzed in several tissues, including immune system tissues [19] . In the mouse, expression was detected in dendritic cells, epithelia, B cells, bone marrow stroma, and endothelial cells [20, 21] . Furthermore, Ly75 knockout mice (DEC-205 null ) are viable, fertile, normal in size, and without gross physical or behavioral abnormalities [22] . In addition, Ly75 reportedly functions on dendritic cells, acting as an antigen uptake receptor that targets its cargo to intracellular compartments, where the targets are then processed for presentation to T cells [19] . We know of no previous report describing expression of Ly75 protein in gonads of any animal species, including fish. However, previous molecular characterization of Ly75 and its expression appears to have been limited to mammalian species [10, 17] ; thus, our study is the first to describe the identification and distribution of a nonmammalian Ly75. Furthermore, to the best of our knowledge, ours is the first report of a cell surface marker that is specific to mitotic germ cells in fish.
We found that both ly75 mRNA and protein were predominantly localized in A-SG and PGCs in rainbow trout. The predominant localization of Ly75 protein to A-SG presents a significant step forward for fish germ cell research, as the availability of a cell surface A-SG-specific antibody will facilitate purification of A-SG via an approach such as fluorescence sorting or collection using magnetic beads. Although we have previously identified notch1 as an A-SGspecific gene in rainbow trout, its expression level was extremely low [23] . Therefore, it was not a practical molecular marker; however, Ly75 showed high expression in A-SG both in mRNA and protein levels, making it useful for practical applications. Although determining the function of Ly75 in fish was beyond the scope of the present article, it will be important to study the function of Ly75 in fish germ cells (e.g., using gene knockdown and/or overexpression analysis). Sequence analyses of partial ly75 cDNA fragments from other fish species revealed a high level of sequence conservation of Ly75 proteins among fish in the Cyprinidae, Salmonidae, Scombridae, Serranidae, and Tetraodontidae families, which in general are genetically diverse. These results suggest that Ly75 may be useful as a mitotic germ cell-specific cell surface marker not just in rainbow trout but also in a wide variety of additional fish species. Furthermore, one of four anti Ly75 polyclonal antibodies that we generated using different subregions of the proteins recognizes a well-conserved region of rainbow trout Ly75. Based on this, we expect that antisera will cross-react with other fish Ly75 proteins.
To date, germ cell transplantation has been the only available technique for identifying fish GSCs [11] . Germ cell transplantation should be useful as a general approach to identification and characterization of GSCs from various fish species. To perform germ cell transplantation, we previously relied on the availability of transgenic donor fish, in which germ cells can be detected via GFP expression; with this system, colonized GSCs and their behavior are easily monitored by fluorescence microscopy [11, 12] . However, other than for rainbow trout and model species, donor fish with GFP-labeled germ cells are simply not available [7, 24] .
As an alternative to GFP labeling, we performed donor cell labeling using vital fluorescent dyes such as PKH26 to trace colonized germ cells in recipient gonads [25, 26] . However, the dye stains the entire donor cell population and is not specific to donor germ cells, such that donor-derived germ cells and somatic cells cannot be distinguished from one another in the recipients. If (as we expect) cell sorting using anti-Ly75 antisera can be established for multiple fish species, we would be able to purify only A-SG from various species and then stain this subset of cells with a vital fluorescent dye. Using this combined approach, A-SG labeled with vital fluorescent dye would be specifically detectable in recipient gonads, without the need for transgenesis.
Additional approaches have also shown promise. For example, an attempt to establish a cultured A-SG line with stem cell activity has been performed previously [16, 27] . The in vitro culture system using A-SG represents a powerful tool for studying the effects of various soluble factors for maintenance of stem cell characteristics, the ability to selfrenew, and the proclivity to differentiate [28] . Recently, it was revealed that under culture conditions in which somatic cells and A-SG coexist, overgrowth of somatic cells inhibits the survival and proliferation of A-SG [27] . If we can eliminate somatic cells and purify A-SG using the cell sorting method that we propose (i.e., based on use of anti-Ly75 antibodies) as a source of starting material for cell culture experiments, spermatogonial mitotic activity in culture would likely be improved.
The novel cell surface maker Ly75 would open a new inroads for antibody cell sorting, which has various applications such as cell transplantation, in vitro culture, and transcriptomic or proteomic analyses. Furthermore, transplantation of purified A-SG into recipient gonads would enable characterization of their ability to act as stem cells in addition to their development and sexual plasticity. Moreover, our laboratory established a surrogate bloodstock technology using allogeneic and xenogeneic transplantation of A-SG [25, 26, 29, 30] . By combining A-SG purification with the anti-Ly75 antibody and the germ cell transplantation approach, we should be able to establish an efficient surrogate bloodstock technology without the need to use transgenic donor fishes. A nontransgenic surrogate bloodstock technology would make the fry produced by A-SG transplantation available for release to natural environments and for use in fish farming.
